Insulating ferromagnets with high T C are required for many new magnetic devices but are very rare. More complexity arises when strongly correlated 3d ions coexist with strongly spin-orbit coupled 5d ones in a double perovskite. Here, we performed the structural, magnetic, and density functional theory study of such double perovskite La 2 CuIrO 6 . A new P2 1 /n structure phase is found according to the comprehensive analysis of x-ray, Raman scattering and phonon spectrum. The magnetization reveals a ferromagnetic (FM) transition at T C = 62 K and short range FM order in higher temperature range. A giant coercivity is found as high as H C~1 1.96 kOe at 10K, which in combination with the negative trapped field results in the magnetization reversal in the ZFC measurement. The calculations confirm the observed FM state and suggest La 2 CuIrO 6 is a Mott insulating ferromagnet assisted by the SOC. This work highlights the unusual FM insulating state and the potential application of such novel 3d-5d double perovskites.
I. INTRODUCTION
Transition-metal oxides (TMOs) are usually correlated electron systems that offer many multifunctional properties, such as superconductivity, colossal magnetoresistance, and multiferroicity [1] [2] [3] . Insulating TMOs are often antiferromagnetic (AFM) due to the superexchange interactions. While, insulating ferromagnets in TMOs are rare, since ferromagnetism is usually accompanied by metallicity [4] .
Dopant-free ferromagnetic insulators are required for many new magnetic devices, such as dissipationless quantum-spintronic devices, magnetic tunneling junctions, etc [5] [6] [7] [8] [9] [10] [11] , which is crucial to the spintronic devices since dopants always act as undesirable inelastic scattering centers.
5d TMOs have drawn considerable research interest in the condensed matter physics recent years, due to their comparable energy scales of strong spin-orbit coupling (SOC), electron correlation, crystal field and exchange interactions. In such systems, novel quantum phases have been realized [12, 13] , such as spin-orbit coupled Mott insulators [14] , topological Mott insulators [15] , superconductivity [16, 17] , Weyl semimetals [16] , axion insulators [18] and quantum spin liquid phases [19] .
An interesting scenario appears for the perovskite iridates, where the 5d orbitals of iridium are split into e g and t 2g states by the strong crystal field. The t 2g state further forms a J eff =1/2 doublet and a J eff =3/2 quartet as a result of large SOC [14] . For systems with Ir 4+ ions, the partially occupied J eff =1/2 state can have properties very different from the spin-only s = 1/2 state. In fact, the detailed interplay of the aforesaid comparable energy scales is still not clear and under investigation.
Double perovskite TMOs provide additional degrees of freedom to choose different transition metal ions over the normal perovskite family, which have huge variety of properties such as a high Curie temperature [20, 21] , a high magnetoresistance [20] , a metal-insulator transition [22] and half-metals [23] . More complexity arises when strongly correlated 3d ions coexist with strongly spin-orbit coupled 5d ones in a double perovskite. For instance, among the La 2 BIrO 6 compounds, B = Fe, Co, Ni are reported to be noncollinear magnetism [7, 24, 25] , B = Mn is ferromagnetic (FM) [26] , and the B = Zn, Mg show canted antiferromagnetism with unconventional Kitaev interaction [27] [28] [29] [30] . Thus, these compounds promises to new ways to develop desired magnetic functional materials for advanced technological applications.
The situation of double perovskite La 2 CuIrO 6 is extremely complicated and in highly debate. First of all, different crystal structures are reported by various groups.
It is found that La 2 CuIrO 6 forms a monoclinic P2 1 /n (No. 14) space group with β nearly 90 o in early reports [31] [32] [33] and a recent unpublished paper [34] . While, a triclinic P1 ̅ (No. 2) space group is also observed by x-ray diffraction (XRD) and neutron diffraction experiments [35] . Density functional theory calculations show that the energetics of these two structures are comparable, with P1 ̅ structure slightly lower in energy compared to P2 1 /n, the energy difference only being ≈2meV/f.u. [36] .
Then, the magnetic behavior of La 2 CuIrO 6 is also controversial. Magnetic susceptibility measurements find an AFM transition at T N around ~70K and a weak FM behavior below ~50K [32, 34, 35] . Neutron diffraction suggests a possible spin configuration with collinear AFM spin arrangement in every ac plane and mutually orthogonal spin orientations in neighboring planes [35] . On the other hand, these groups proposed various spin structures based on GGA calculations, such as a canted AFM [34] and a C-type AFM with the Cu and Ir spins anti-paralleled in a given ac plan, while those in out-of-plane are paralleled [36] . Therefore, the crystal structure and the magnetic properties remain to be fully understood.
In this paper, we report the results of a systematic investigation of the double perovskite La 2 CuIrO 6 with XRD, magnetometry, Raman scattering and first principle calculations to unveil its magnetic behavior. The comprehensive analysis of XRD, Raman scattering and phonon spectrum show a new P2 1 /n structure phase, which is different with the reported triclinic P1 ̅ and earlier monoclinic P2 1 /n as well. The magnetization reveals an FM transition at T C = 62 K and short range FM order in higher temperature range. The calculations confirm the observed FM state and suggest La 2 CuIrO 6 is a Mott insulating ferromagnet assisted by the SOC. Particularly, a giant coercivity is found as high as H C~1 1.96 kOe at 10K, which in combination with the negative trapped field results in the magnetization reversal in the ZFC measurement.
II. EXPERIMENTAL AND COMPUTATIONAL DETAILS
Polycrystalline samples of La 2 CuIrO 6 are synthesized through the conventional solid state reaction method [34, 35] . The starting materials are IrO 2 (99.99%), CuO Properties Measurement System (PPMS). Electronic structure calculations with high accuracy are performed using the full-potential linearized augmented plane wave (FP-LAPW) method implemented in the WIEN2K code [37] . The generalized gradient approximation (GGA) [38] is applied to the exchange-correlation potential calculation. The muffin tin radii are chosen to be 2.37 a.u. for La, 1.65 a.u. for O, 2.0 a.u. for both Cu and Ir atoms. The plane-wave cutoff is defined by R•K max = 7.0, where R is the minimum LAPW sphere radius and K max is the plane-wave vector cutoff.
III. RESULTS AND DISCUSSION
A. Crystal structure
Powder XRD data of polycrystalline La 2 CuIrO 6 are presented in Fig. 1 . All the lines in this pattern could be indexed to the monoclinic P2 1 /n structure [31] [32] [33] [34] . This monoclinic double perovskite structure is derived from the perovskite structure by alternatingly placing Cu and Ir at the B site such that Cu and Ir ions each form an fcc
lattice. An attempt to fit the pattern using the reported space group P1 ̅ [34] does not yield a proper fit. The resulted lattice parameters are listed in Table I from the Rietveld refinements. The obtained lattice parameters are different with those in P2 1 /n structure of La 2 CuIrO 6 , although the cell volume is comparable with literature [33] .
For example, β~126° is very larger than ~87° in early works [32, 33] , indicating a very tilted crystal cell resulting in a much longer c-axis parameter. Hence, a new structure phase is found in this La 2 CuIrO 6 double perovskite. (5) 229.5 B g (5) 227.9 A g (6) 272.3 278.4 B g (6) 261.2 A g (7) 305.1 B g (7) 330.8 A g (8) 338.9 B g (8) 353.5 A g (9) 350.5 B g (9) 386.2 385.9 A g (10) 449.6 B g (10) 482.0 A g (11) 470.0 B g (11) 490.5 A g (12) 555.9 
B. Magnetic behavior
The magnetic behavior of La 2 CuIrO 6 is very interesting. Double magnetic phase transitions are reported in literatures [34, 35] of both P1 ̅ and P2 1 /n structures, namely a paramagnetic to AFM phase transition occurs at T N ~74 K and a weak FM transition below 60K. A similar kind of double transition behavior is also observed for La 2 ZnIrO 6 [29] . Figure 5 illustrates the temperature dependent field cooled (FC) and zero-field-cooled (ZFC) magnetization (M-T) for our new structure phase of La 2 CuIrO 6 sample. As the sample is cooled from the high temperature paramagnetic state, a sharp FM phase transition appears around T C = 62 K (determined from the peak of dM/dT data) with hysteresis between ZFC and FC curves. Another feature is that the ZFC magnetization shows a maximum at ∼57 K, goes through a zero point at the temperature T 0~5 0 K, and then remains negative down to the lowest temperature.
Due to the irreversible rotation of magnetic domains or movement of domain walls, the bifurcation between ZFC and FC magnetizations is quite prevalent in ferromagnetic samples. The negative magnetization in the ZFC mode at low temperatures is noteworthy, which will be discussed later. Moreover, there is a distinct bifurcation between ZFC and FC curves on cooling below about 250 K in the upper inset of Fig. 5 with an enlarged plot of the magnetization data, which can also be observed in the reciprocal susceptibility plot of the lower inset. Similar phenomenon is observed in other ferro/ferri-magnets, such as Pr 1-x Ca x CoO 3-δ [39] and Nd 1-x Ca x CoO 3-δ [40] , which is usually interpreted as a short-range FM order. The paramagnetic phase is further analyzed by plotting the temperature dependent inverse susceptibility in the lower inset of Fig. 5 . The high temperature data, in the 260 K < T < 300 K window, nicely fit with the Curie-Weiss law yielding an effective magnetic moment of μ eff =2.44μ B /f.u. This is consistent with previous result of a P2 1 /n structure [34] but larger than that of P1 ̅ one [35] . Note that the obtained effective magnetic To further understand the magnetic phases, magnetic isothermal (M-H) measurements are performed at several temperatures in Fig. 6 . In earlier reports [34, 35] , it is found that the magnetization of La 2 CuIrO 6 system with both P1 ̅ and P2 1 /n structures exhibits a small but visible hysteresis loop with the coercivity H C equaling to several hundred of Oes, and linearly increases with the applied magnetic field as is usually seen in other AFM materials. On the contrary, the M-H curves shows large hysteresis loops of our new structure phase, indicating a strong FM order. Note that the magnetic hysteresis loop can still be observed at T=70K as shown in the inset of Fig. 6 , where the temperature is above the FM transition temperature T C = 62 K, consistent with the framework short-range FM order. Particularly, a giant coercivity of H C~1 1.96 kOe at 10K is found, which is larger than ∼2.5 kOe as the highest value for hard magnetic ferrites and is in comparison to a very recent YMn 0.5 Cr 0.5 O 3 system [41] . As the temperature is increased, the hysteresis loop shrinks and H C decreases significantly to ∼580 Oe at T = 50 K, as shown in the inset of The giant coercivity is also related to the magnetization reversal in the ZFC M−T measurement. The magnetization reversal, also called negative magnetization, is termed as a temperature dependent crossover of the dc magnetization from a positive value to a negative value of a material (cooled under a positive applied magnetic field) [42, 43] , which is different from a diamagnetic state that occurs in case of superconducting or diamagnetic materials. The possible explanation for negative magnetization can be classified into different mechanisms, such as negative exchange coupling among ferromagnetic sublattices, among canted antiferromagnetic sublattices and among ferromagnetic/canted-antiferromagnetic and paramagnetic sublattices, etc [42] . The explanation based on the antiferromagnetic coupling between R-site and T-site cations can be excluded first in many ABO 3 -perovskites with canted AFM sublattices residing at different crystallographic sites [44] , since La 3+ ion is a nonmagnetic cation with fully occupied shells. For the second mechanism resulting from negative exchange coupling among ferromagnetic sublattices, the magnetization reversal always occurs in FC mode, such as Co 2 VO 4 [45] . However, the La 2 CuIrO 6 sample shows magnetization reversal only in the ZFC mode, implying other causes in the present case. Actually, a similar negative magnetization only under ZFC mode in YMn 0.5 Cr 0.5 O 3 system has been presented very recently [41] . It has been found that the magnetization reversal in ZFC measurements is an artifact caused by negative trapped field of the superconducting magnet of the PPMS in combination with the giant coercivity. Considering that the PPMS superconducting magnet is usually turned off to zero from positive fields, the residual negative trapped field results in negative ZFC magnetization at low temperatures if the applied field is smaller than the coercivity. In fact, the coercivity is as high as 11.96 kOe at 10K for our La 2 CuIrO 6 sample, much larger than the the applied field H=500 Oe (see Fig. 5 ). With increasing temperature, the coercivity decreases rapidly to H C ∼580 Oe at T=50 K (see the inset of Fig. 7 ) comparable with the applied field, which results in the negative magnetization approaching to zero.
Further increasing the temperature the coercivity is smaller than the applied field, thus the ZFC magnetization becomes positive.
GGA calculations are performed to confirm the FM state in our new structure phase of La 2 CuIrO 6 sample based on the lattice parameters listed in Table I deduced The total density of states (DOS) of the La 2 CuIrO 6 system are presented in Fig. 9 for two different situations, namely the FM GGA calculation and FM GGA+SOC+U.
The Columb interactions U=2 and 4 eV are adopted on Ir and Cu sites, respectively. A sizeable gap of ~0.2 eV is observed only in the case of FM GGA+SOC+U, which indicates that our new P2 1 /n structure phase of La 2 CuIrO 6 is a Mott insulator assisted by the SOC effect. Note that similar result is reported in other P2 1 /n and P2 1 /m structure phases with slightly higher gap of ~0.3 eV [34, 36] . eV are adopted on Ir and Cu sites, respectively.
In conclusion, we perform the structural, magnetic, and GGA calculation of the double perovskite La 2 CuIrO 6 . A new P2 1 /n structure phase is found according to the comprehensive analysis of XRD, Raman scattering and phonon spectrum, which is different with the reported triclinic P1 ̅ and earlier monoclinic P21/n as well. The magnetization reveals an FM transition at T C = 62 K and short range FM order in higher temperature range. A Curie-Weiss fit of the inverse susceptibility yields This work highlights the unusual FM insulating state and the potential application of such novel 3d-5d double perovskites.
